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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The evaluation of the behaviour of the magnesium alloy AZ31B under biaxial fatigue and short crack conditions of a specimen is 
presented. Test specimens present a notch, done by a drilling device, to promote the initiation of the crack in this localized 
region. The loading path consists on axial and torsional loadings which are in-phase an  out- f-phase with each other. The crack 
growth rate of the specimen, under the stress intensity factor range was evaluated. Furthermore, the critical plane models, that are 
used to evaluate the specimen without a notch, revealed to be in this case, satisfactory to predict the angle of fracture of the 
specimen with a notch. The strains close to the notch were determined numerically using Finite Element Analysis. For this 
purpose, two finite element models were built to reproduce the proportional and non-proportional loading path. Beside this, were 
conducted tests with a Scanning Electron Microscope (SEM) to see the morphology of the fracture surface, in the proportional 
loading, which presents radial marks that are not present on the non proportional loading. The loading path shows a significant 
influence on the behaviour of the magnesium alloy AZ31B as well as in the life of the specimen. It is also presented a 
methodology to calculate the life of the specimen with a notch under biaxial load path, proportional and non proportional. 
Satisfactory results were achieved. 
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1. Introduction 
Generally, mechanical components are under complex load paths or not; and/or under multiaxial loading 
conditions. Mechanical failures can be caused by fatigue cracks that initiate and propagate under certain regions of a 
certain mechanical components. Thus, it is present a study of the magnesium alloy AZ31B under high cycle fatigue 
regime, under proportional and non-proportional loading conditions. Magnesium alloys belong to the category of 
light alloys (POLMEAR, 1995), and have a tremendous potential (MORDIKE, et al., 2001), mainly because they are 
the lightest structural material, i.e., they have a high specific strength, low density but also because of the good 
machining and recycling capabilities, and besides this it helps to protect the environment (AGHION, et al., 2001). 
These were the features that call attention of the automotive and aeronautical industries. Another important feature 
of magnesium alloys is based on the fact that its crystalline structure to be hexagonal close compact (HC). However, 
due to the low corrosion resistance, high extractive and production cost is not widely used. The magnesium is a very 
abundant metal. In fact it constitutes about two percent of the Earth’s crust, and it is the third most plentiful element 
dissolved in seawater (AGHION, et al., 2001). The magnesium is the eight and six most abundant element and metal 
in crust of the Earth, respectively. The production of magnesium is based on raw materials and seawater. The sea 
water contains approximately 0.13% of magnesium, i.e., 1.1 kg per cubic meter approximately (HORST, et al., 
2006; BLAWERT, et al., 2004). It can be considered an almost endless reserve. As result, the automotive and 
aeronautical industries show a great interest in this material, being the driving force of this interest the European 
Union (BLAWERT, et al., 2004) and EUA directives (KULEKCI, 2008). 
2. Material data, specimen form and test procedure 
The material studied was a commercial extruded AZ31B magnesium alloy. The chemical composition is shown 
in Table 1. In order to characterize the cyclic stress-strain strain behaviour of the magnesium alloy, a tension-
compression lcf tests were carried out. The resulting cyclic properties of the magnesium alloy were obtained by 
fitting the test results, namely the elastic, plastic, monotonic and cyclic properties that are showed in Table 2. The 
technical sketch with the geometry, dimensions of the specimen and its notch are presented in Figure 1. 
Table 1 – Chemical composition of the magnesium alloy AZ31B 
Chemical composition (in wt%) 
AZ31B 
Mg Al Zn Mn Fe Ni Cu Ca Si 
Balance 3.1 1.05 0.54 0.0035 0.0007 0.0008 0.04 0.1 
 
 
Figure 1 – Technical sketch of the specimen. 
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Table 2 – Elastic, plastic, monotonic and cyclic properties of the magnesium alloy AZ31B 
Elastic properties 
Young’s Modulus [GPa] 44 
Modulus of shear [GPa] 15 
Coefficient of Poisson 0.35 
Plastic properties 
True Stress [MPa] True Strain [%] 
183 0.5 
241 0.7 
256 0.9 
256 1.2 
Monotonic and cyclic properties 
Tensile strength [Rm (MPa)] 290 
Monotonic yield strength [Rp (MPa)] 211 
Cyclic yield strength [Rp’ (MPa)] 95 
Elongation at failure [A (%)] 14 
Cyclic strength coefficient [K’ (MPa)] 576 
Hardening exponent [n’] 0.17 
Fatigue strength coefficient [σf’ (MPa)] 450 
Fatigue strength exponent [b] -0.12 
Fatigue ductility coefficient [εf’] 0.26 
Fatigue ductility exponent [c] -0.71 
 
Fatigue crack growth tests were performed in a servo-hydraulics machine, Instron model 8800, with a stress ratio 
of R=-1, at a frequency of 2 Hz and room temperature in air. With a digital USB microscope the surface of the 
specimen were recorded. Later the video was transformed into frames for further analysis. The test disposal can be 
seen in Figure 2. 
 
 
Figure 2 – Main view of biaxial fatigue machine in the laboratory. 
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Figure 3 – Loading Path: a) Non proportional; and b) Proportional. 
Two load paths were performed, namely proportional and non-proportional, shown in Figure 3. The blue line 
represents the sinusoidal stress, the red line represents the sinusoidal shear stress and the green line represents the 
load path. 
3. Theoretical background 
The crack growth is described by equation (1) and has been determined experimentally. This relation is known as 
Paris law, where C e m  are constants of the material that change with the average stress, frequency, temperature 
and environment. These constants are determined experimentally. 
mKC
dN
da )(   (1) 
3.1. Critical plane models 
Since the 50’s last century, that several approaches to predict crack life initiation have been developed and 
applied to multiaxial fatigue situations. All theories based on this approach define a critical plane on which 
maximum damage should occur and thus specifying the plane of crack initiation and growth. 
3.1.1. Findley model 
Findley’s criterion (SOCIE, et al., 2000), takes into account the influence of normal stress acting on the 
maximum shear stress plane. This model predicts that the fatigue crack plane has the orientation θ with maximum 
damage parameter, as defined in equation (2), where a  is the shear stress amplitude on the plane  , ,maxn  is the 
maximum normal stress on that plane and K  is a constant of the material. 








max,2
max n
a K


  (2) 
3.1.2. Brown-Miller model 
According to Brown-Miller criterion (SOCIE, et al., 2000), the critical plane is defined as the plane where the 
shear strain amplitude has maximum value as defined in equation (3). 
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
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3.1.3. Fatemi-Socie model 
The Fatemi and Socie model (SOCIE, et al., 2000) predicts that the critical plane model occurs as the plane 
orientation   with the maximum Fatemi-Socie parameter, which is defined in equation (4) where yS represents the 
yield stress of the material and K  it is a constant, typical of each material. 
C
S
K
y
n










 max,max 1
2

  (4) 
3.1.4. Smith-Watson-Topper model  
The SWT model (SOCIE, et al., 2000), predicts that the fatigue crack plane is the plane orientation θ maximum 
normal stress, i.e., the maximum principal stress defined in equation (5), where n is the normal stress on a plane  , 
1  is the normal strain on that plane. 





 
2
max 1



n   (5) 
3.1.5. Liu´s model 
The Liu model (SOCIE, et al., 2000), it is an energy-based critical plane model. This model takes into account 
two possible failure modes: one mode for tensile failure, IW ; and another mode for shear failure, .IIW  The 
failure is expected to occur on the plane   in the material having VSE quantity. 
In relation to IW the axial work is maximized and then the shear work is added on the specific plane, as defined 
in equation (6). In relation to IIW , the shear work is maximized and then the axial work is added on the specific 
plane, as defined in equation (7). Where in both equations  and  are the shear stress range and shear strain 
range; and n and n  are the normal stress range and normal strain range, respectively.  
   

  maxnnIW   (6) 
   

 max  nnIIW   (7) 
3.2. Stress intensity factor 
The stress intensity factor measurement adopted was proposed by (TANAKA, 1974), which assumes that fatigue 
crack growth occurs when, the sum of the absolute values of the crack tip displacements reaches a critical value, as 
defined in equation (8), where E is the Young modulus, n is the maximum normal strain range on the maximum 
shear plane, max is the maximum shear strain range, G is the shear modulus and a is the surface crack half-length. 
       2/12max2 aGEK neff     (8) 
3.3. Kt and Kts approach 
The definitions of tK and tsK are in equation (9), where  and   are the normal and shear stress, respectively. 
alno
local
ts
alno
local
t KK
minmin 



   (9) 
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4. Estimation of fatigue life 
To calculate the life of the specimen is proposed a parameter P, as defined in equation (10). This parameter is 
based on the perimeter of the notch, the perimeter of the cross section of the specimen without notch and the 
coefficient of Poisson of the material. In order to estimate the life of the specimen with the notch, the value α was 
calculated for each specimen using the equation (11) (LEMAITRE, 1985) (SUN, 2004), where 𝑁𝑁𝑖𝑖 is the life of the 
specimen at a certain instant and 𝑁𝑁𝑓𝑓 is the life at failure of the specimen. 
The equation (12) (SUN, 2004) was used to preview the specimen failure cycles number, specifically for uniaxial 
fatigue tests, where 𝑁𝑁𝑖𝑖 is the life at a certain instant of life of the specimen, P is the parameter given by the equation 
(10) and the value of 𝜶𝜶 given by equation (11). It is only possible to estimate the number of cycles at failure when 
the material damage is known, as well as the performed number of cycles.  










notchwithouttioncross
notch
P
PP
  sec 
  (10) 
 fi NN
P



1ln
)1ln(
   (11) 
 P
NN if


11
  (12) 
5. Results and discussion 
The metallographic, fractographic, crack growth rate and life estimation results are presented in this section. 
5.1. Fractographic analysis 
The surface of the specimens were analyzed by optical microscope, as well by SEM. Fracture surfaces show 
distinguishes morphology namely radial marks, due to the different load path applied to the specimens. Beside this, 
the morphology of the fracture surface is distinct of each type of load, namely the radial marks, see Figure 4. 
 
 
Figure 4 – SEM photographs of the fracture surface: a) Proportional; and b) Non proportional load. 
The experimental results obtained near by the notch were compared with theoretical models based on critical 
plane theories: Findley, Brown-Miller, Fatemi-Socie, Smith-Watson-Topper and Liu. All the models scan each 
material plane θ, from -90º to +90º. The critical plane is the one for which the specific damage parameter is 
maximized. The comparison between the experimental observations and the predictions of the crack orientations by 
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the multiaxial fatigue models is presented as well as tK and tsK approach, in Table 3, where P and NP stands for 
proportional and non proportional load path, respectively. In Figure 5 are presented the results for tK approach, 
namely for proportional and non proportional loading. From all the theoretical approaches, which concerns to 
proportional loading, the most close to the reality was the tK approach. Concerning to non proportional loading, all 
of them are identical. 
Table 3– Resume of the results for the models adopted and the angles of fracture of the specimens. 
 Load Path   Load path 
Criterions adopted  P NP  Applied Stress P NP 
Findley criterion -13º 0º  77MPa -38º -20º 
Brown-Miller criterion  5º/45º 0º  85MPa -38º - 
Fatemi-Socie criterion -13º/63º 0º  95MPa - -17º 
SWT criterion  25º 0º  100MPa - - 
Liu I criterion 23º 0º  105Mpa -38º -18º 
Liu II criterion -21º/69º 0º  110MPa -36º - 
Liu 1+2 criterion -10º/58º 0º     
tK  Approach -36º 0º     
 
 
a) 
 
b) 
 
Figure 5 – Results of tK  approach: a) Proportional; and b) Non proportional. 
5.2. Crack growth rate analysis 
As can be seen in Figure 6, the notch and the loading path have a significant influence on the behavior of the 
magnesium alloy AZ31B, namely the reduction of life of the specimen. In Table 4 are presented the values of the 
parameters used in the calculus to preview the life of the specimen with notch, where it is the equivalent stress, 
expressed in MPa. For these calculus were used the equations (11) to (13). 
Table 4 – Results of the preview of the life of the specimen under both loadings. 
Load σeq Ni Nf Ø [mm] P α Preview Nf Error [%] 
P 110 33000 42622 6.34 0.033346 0.022 42622 0.0 
P 105 35250 45900 6.36 0.033304 0.023 45900 1.5E-16 
P 85 75000 90448 6.37 0.033286 0.014 90448 0.0 
P 77 165000 183570 6.37 0.033286 0.019 183570 0.0 
NP 105 12500 16597 6.35 0.033322 0.021 12500 2.1E-16 
NP 95 22250 28187 6.35 0.033322 0.024 22250 0.0 
NP 77 65000 79620 6.35 0.033322 0.019 65000 0.0 
 
-2
2
-2 2
Kt  - Surface 
Kt
-1
1
-3 3
kt - Surface 
kt
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Figure 4 – SEM photographs of the fracture surface: a) Proportional; and b) Non proportional load. 
The experimental results obtained near by the notch were compared with theoretical models based on critical 
plane theories: Findley, Brown-Miller, Fatemi-Socie, Smith-Watson-Topper and Liu. All the models scan each 
material plane θ, from -90º to +90º. The critical plane is the one for which the specific damage parameter is 
maximized. The comparison between the experimental observations and the predictions of the crack orientations by 
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Figure 6 – Resume of the study for the AZ31B magnesium alloy. 
6. Conclusions 
A study of the behavior of a magnesium alloy AZ31B was carried out. This study was based on fractographic and 
crack growth rate analysis. To achieve this purpose were conducted experimental and numerical tests in order 
measure the angle and determine the parameters of strain near the notch. The morphology of the fracture surface 
show differences between load paths, namely the radial marks. Results show that the load and the notch have a 
significant influence, as well as the loading path on the behaviour and fatigue life of the magnesium alloy AZ31B. 
The methodology adopted to estimate the life of the specimen presents satisfactory results. 
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